ABSTRACT. The red blood cell population of the human newborn is more heterogeneous than that of adults. TO characterize this heterogeneity, red cells were separated on Stractan gradients into populations according to their density and, therefore, generally according to their age. Lipid content, phospholipid asymmetry, osmotic fragility, and deformability were measured. With increasing density, osmotic resistance and deformability decreased to a greater extent in the neonatal than the adult red cell. There was a marked loss of surface area throughout the life span of the neonatal red cell which was not accompanied by a parallel loss of membrane lipid. This apparent discrepancy could be explained at least in part by internalization of membrane lipid as a result of endocytosis, a process shown to be present in even the densest neonatal red cells. creased life span. Another property of neonatal cells which may potentially have adverse rheological consequences is their loss of more than one-quarter of their surface area as they age in circulation (3-5). We have suggested that this property may be linked to the enhanced propensity of such cells to internalize plasma membrane through the process of endocytosis (5-7). In the current report, we further explore this possibility. To do so, we used the technique of Stractan density gradient centrifugation to prepare populations of buoyant (presumably young) and dense (3, 8, 9) (presumably old) neonatal red cells. The amount of cell lipid was measured in each density fraction and the degree to which the loss in surface area was accompanied by loss of membrane lipid determined. Changes in phospholipid composition (10, 11) or asymmetry (12) were also sought. As an independent index of cell surface area (13), we measured red cell deformability in the ektacytometer (14). Our findings demonstrate that although the densest ("oldest") neonatal red cells have lost considerable surface area, they have not lost the expected equivalent quantities of membrane lipid, implying that at least some of the lipid must have been internalized rather than released into the plasma.
creased life span. Another property of neonatal cells which may potentially have adverse rheological consequences is their loss of more than one-quarter of their surface area as they age in circulation (3) (4) (5) . We have suggested that this property may be linked to the enhanced propensity of such cells to internalize plasma membrane through the process of endocytosis (5-7). In the current report, we further explore this possibility. To do so, we used the technique of Stractan density gradient centrifugation to prepare populations of buoyant (presumably young) and dense (3, 8, 9 ) (presumably old) neonatal red cells. The amount of cell lipid was measured in each density fraction and the degree to which the loss in surface area was accompanied by loss of membrane lipid determined. Changes in phospholipid composition (10, 11) or asymmetry (12) were also sought. As an independent index of cell surface area (13), we measured red cell deformability in the ektacytometer (14) . Our findings demonstrate that although the densest ("oldest") neonatal red cells have lost considerable surface area, they have not lost the expected equivalent quantities of membrane lipid, implying that at least some of the lipid must have been internalized rather than released into the plasma.
MATERIALS AND METHODS

CHV, critical hemolytic volume -
Materials. Stractan was purchased from St. Regis Lumber Co., DI, deformability index
Libby, MT and prepared as previously described (5, 9) . Cellulose PC, phosphatidylcholine (Sigmacell-50), a-cellulose, cholesterol standard solution (CH-I), PE, phosphatidylethanofamine and bee venom phospholipase A2 were purchased from Sigma PS, phosphatidylserine Chemical Co., St. Louis, MO. Sphingomyelinase C was prepared PI, phosphatidylinositol as previously described (12) .
SM, sphingomyelin
Blood collection and density separation. Venous blood was DI,,,, maximum deformability collected from adult volunteers and cord blood was drawn from the placental vessels immediately upon delivery according to a protocol approved by the Stanford Medical Committee for the Protection of Human Subjects in Research. EDTA was used as The shortened life span of neonatal red cells relative to that of the anticoagulant. The plasma was removed by centrifugation adult red cells (I) is of intracorpuscular origin (2) and thus due and the red cells washed three times in BSKG (137 mM NaCI, to one or more of the many differences in composition and 2.7 mM KC1,8.8 mM Na2HP04.7 H20, 1.5 mM KH2P04, 11.1 function that distinguish these two cell types. The actual prop-mM glucose, pH 7.4). The diluted, washed blood was passed erties that account for the premature destruction of neonatal red over a column of cellulose: a-cellulose, 1 : 1 to remove white cells cells, however, are unknown. Linderkamp and Meiselman (3) and platelets (15) . An aliquot of unseparated red cells was rehave pointed out that the greater minimal cylindrical diameter moved and exposed to Stractan, then the rest of the red cells of neonatal red cells may restrict their passage through the spleen, were separated according to their density on Stractan gradients where prolonged sequestration could contribute to their de-as previously described (5, 9 The hemoglobin content of each fraction was determined using Drabkins' solution. The percentage of the total hemoglobin applied to the gradient that was present in each fraction was used as a measure of the relative size of that fraction.
Sufice area. The critical hemolytic volume method described by Clark et al. (18) was used to estimate the plasma membrane surface area. After measurement of initial MCV and MCH, the osmolarity at which red cells lysed was measured in a standard osmotic fragility assay. The critical hemolytic volume was then calculated, making the assumption that the red cell behaves as an osmometer. Changes in the osmotic coefficient of hemoglobin and in the volume that it occupies as the cells swell were taken into account in the calculations. The red cell surface area was estimated to be equivalent to that of a sphere whose volume was exactly that determined to be the critical hemolytic volume.
Osmotic fragility and osmotic gradient ektacytometry. Osmotic fragility of unincubated red cells was determined by the method of Dacie (19) . The curves were generated from 12 points in which the red cells were lysed in NaCl solutions of decreasing osmolality. The osmolality of the solutions was measured by freezing point depression on an Osmette A, American Scientific Products, McGaw Park, IL.
Osmotic gradient ektacytometry was performed as previously described (13, 14, 18) . Briefly, red cells suspended in a viscous medium were subjected to a shear stress in the ektacytometer. A laser beam was passed throughout the cell suspension, generating a diffraction pattern whose degree of ellipticity corresponded to the deformation of the red cells. Measuring the deformability of red cells under constant shear stress, while the osmolarity of the suspending medium was gradually increased, provided information about cell surface area to volume relationships, cytoplasmic viscosity, and inherent membrane deformability.
Lipid analysis. Determinations of total erythrocyte cholesterol and phospholipid were made from lipid extracts prepared by the method of Rose and Oklander (20). Lipid phosphorous was quantitated by the method of Bottcher el al. (21) and cholesterol by the method of Zlatkis et a/. (22) . Stractan, used in density gradient separations, had no effect on either assay.
The organization of the phospholipid within the bilayer was examined by digesting the phospholipids in the outer portion of the membrane utilizing phospholipase A2 and sphingomyelinase C (12, 23, 24) .
Endocytosis. Spontaneous endocytosis was evaluated by phase microscopy. Red cells (2 p1) resuspended in isotonic buffer (hematocrit approximately 40%) were added to 10 p1 of distilled water, allowing enough hemoglobin to leave the cell so that the vacuoles became visible as small, free, dark intracellular spheres.
RESULTS
Density separation of adult and neonatal red cells. Adult and
neonatal red cells were separated by density into five fractions on discontinuous Stractan gradients. To illustrate the separation obtained, average red cell indices for each layer are shown in Table 1 . Neonatal red cells were distinguished by their wider MCV range from top fraction to bottom and by their higher density in the bottom fraction. The latter was readily evident by visual inspection of the gradient after centrifugation and is reflected by the higher MCHC of neonatal (39.4 g/dl) compared to adult (34.8 g/liter) red cells.
Osmotic fragility and surface area. The * MCV (p3), MCH (pg), and MCHC (g/dl) were determ~ned for whole blood and for five fractions from a discontinuous Stractan gradlent.
Between I . O and 1.5 ml packed red cells were sepamted on each 10.5 ml gradient. Each of the fract~ons (1-5) carresponds to a n equivalent density (4) 23-25% Stractan, (5) 25-27% Stractan, (6) 4 2 7 % Stractan. Deformability was measured as a function of increasing osmolality. Bofforn punel, equivalent profile for density separated adult red cells. unseparated neonatal red cells displayed greater heterogeneity than did that of adult cells (Fig. 1) . Some neonatal red cells lysed at very high salt concentrations and some were extremely resistant to hypotonic lysis. The source of the heterogeneity can be understood by examining the osmotic fragility curves of the Stractan fractions (Figs. 1B and C) . The top fractions were relatively resistant to hemolysis, and the bottom fractions were fragile. The increase in osmotic fragility which accompanied increasing cell density was particularly noticeable in the densest neonatal red cell population, reflecting the low surface area to volume ratio of these cells. Figure 2 shows the osmotic gradient ektacytometry profile of subpopulations of neonatal red cells which were separated into six fractions on a Stractan density gradient. The data are from a single experiment, representative of three performed. Results from an equivalent study on adult red cells are also shown for comparative purposes. The DI,,, decreased as the red cells became denser, particularly in the neonatal cell population. In fact, the densest neonatal red cells were almost completely undeformable and it was this population that exhibited the most striking difference from adult red cells. The decrease in DI,,, was consistent with the more pronounced loss of surface area and higher cytoplasmic viscosity (MCHC) noted in older neonatal red cells compared to older adult red cells.
Osmotic gradient ektacytometry.
Total phospholipid and cholesterol. Neonatal red cells contain more phospholipid and cholesterol per cell than adult red cells (Table 2 ). In addition, equivalent volumes of neonatal red cells have more cholesterol but not more phospholipid than their adult counterparts. Thus, the cholesterol to phospholipid ratio is higher in neonatal red cells.
To explore these differences, neonatal and adult red cells were separated on Stractan gradients and the phospholipid and cholesterol content measured in each fraction (Table 3) . A modest decline in the amount of both cholesterol and phospholipid per red cell accompanied increasing cellular density. The amount of phospholipid, expressed per ml packed red cells, did not vary with increasing density in both adult and neonatal red cells. In striking contrast, the amount of cholesterol per ml packed adult red cells declined as the cells became more dense, whereas cholesterol content of neonatal red cells remained constant.
Lipid content versus surface area. Lipid content and surface area are compared in Figure 3 which shows the amount of both cholesterol and phospholipid per fi2 membrane surface area in each density fraction of adult and neonatal red cells. The results shown are the average of three experiments. In the adult red cells, the amount of both phospholipid and cholesterol per unit area of plasma membrane remained relatively constant throughout the density gradient. In the neonatal red cells the decrease in surface area exceeded the loss of lipid. Denser, presumably older neonatal red cells contain more lipid relative to their plasma membrane surface area than lighter younger neonatal red cells.
Endocytosis. The loss of surface area without a concomitant loss of lipid led us to evaluate the possibility that the neonatal red cell undergoes in vivo endocytosis throughout its life span.
Using phase microscopy, we found that endocytic vacuoles were easily identified in neonatal red cells. The number of neonatal red cells containing enlarged vacuoles increased in parallel with increasing density of the fraction (Table 4 ). The relatively large size of some of these vacuoles is shown in Figure 4 . In contrast, no endocytic vacuoles were seen in the light fractions of adult RBC and the few vacuoles seen in adult dense fractions were much smaller than those shown in Figure 4 .
Phospholipid composition. Analysis of the major classes of phospholipid (Table 5 ), demonstrated that the ratio of SM to PC was higher in neonatal than adult red cells (0.89 versus 0.81).
The percentages of PS and PC were lower in neonatal than in adult red cells, while those of PE and SM were the same. The percentage of each of the lipid classes was also compared in the top and bottom fractions of neonatal red cells (Table 5) Phospholipid asymmetry. To investigate the organization of membrane phospholipids, red cells were treated with phospholipase A2 alone or with phospholipase A2 followed by sphingomyelinase C. Under these conditions, only phospholipids in the outer *Total lipid phosphorus and cholesterol content were determined in red cell preparations from which white cells were removed. Lipid analysis was performed on a known number of red cells (approximately 2 x lo9) and results expressed as pg lipid/108 red cells. The same data were expressed as mg lipid/ml packed red cells, calculated from the red cell count and a spun hematocrit determined on each fraction. C/P = mole cholesterol/mole phospholipid. *Total lipid phosphorus and cholesterol content was determined in five of the experiments described in Table 2 . The gradients were identical to those described in Table I . *This is one of three similar experiments. Adult and cord RBC were separated in parallel on Stractan gradients; the fractions were harvested and washed free of Stractan. Two p1 of RBC suspension were placed in 10 of H 2 0 on a glass slide and a minimum of 200 lysed RBC were examined by phasec3 microscopy (~1 0 0 0 ) and the number of cells containing the relatively large phase visible vacuoles was recorded. The drastic loss of surface area which occurs over the life span of the neonatal red cell indicates that its membrane undergoes much more extensive remodeling than the membrane of the adult red cell. Our previous work showed that the plasma membrane surface area of the densest ("old") neonatal red cells was 28% less than that of the most buoyant ("young") red cells while the equivalent reduction in adult red cell surface area was only 12% (5) . The SAI, which is the ratio between the actual cell surface area and the surface area of a sphere of comparable volume (3, 17) , was only 1.08 in the densest neonatal cells, indicating that they were essentially incapable of swelling without lysing. In the current report we demonstrate the profound implications of such a reduction in SAI for cell deformability using the ektacytometer. The densest neonatal red cells were far less deformable than any other subpopulation of either neonatal or adult red cells. Red cell deformability is determined by cytoplasmic viscosity as well as by surface area to volume relationships. Thus, the high cytoplasmic viscosity of the densest neoleaflet of the lipid bilayer are degraded. The results are shown in Table 6 . In both neonatal and adult RBC, the addition of sphingomyelinase C produced more extensive degradation of PC and PE than the use of phospholipase A, alone. With both treatments, significant differences in PC and PE degradation were observed between neonatal and adult red cells. Neonatal red cells showed less PC degradation and more PE degradation than adult cells. PS degradation was not detected in either adult or neonatal cells (data not shown).
natal cells, as reflected by their high MCHC, must also have contributed to their rigidity. The mechanism for such cellular dehydration is unclear and is the subject of current investigation.
In the mature adult red cell, lipid content directly reflects the amount of plasma membrane, since nuclear and organelle membranes are no longer present. It was therefore of considerable interest that measurements of total cholesterol and phospholipid in density separated neonatal red cells showed only the same modest decline observed in density separated adult cells. This was in sharp contrast to the marked decline in plasma membrane surface area of neonatal cells measured by the critical hemolytic volume method (5) . To account for the discrepancy, we postulated that some of the lipid in neonatal cells is not on the exterior of the cell but is conserved in internalized endocytic vacuoles. In fact, we observed such vacuoles with increasing frequency in the higher density neonatal cells, as the discrepancy between total lipid and surface area increased. Thus, in vivo endocytosis may occur throughout the life span of the cell. This would be consistent with the enhanced drug-induced (5) and receptor-mediated endocytosis (6, 7) exhibited by neonatal red cells in vitro.
Because prior studies have shown that endocytosis is accompanied by lipid changes (23, 25) but not by protein changes (Schrier SL, unpublished observations) we examined neonatal red cell membrane lipids in considerable detail. Our data agree with earlier reports that the neonatal red cell has a slightly higher cholesterol to phospholipid ratio and a higher sphingomyelin to PC ratio than the adult red cell (10, 11, 26) . Neonatal red cell *Red cells from adults and newborns were incubated either with phospholipase A, for 2 h at 37" C or with phospholipase A2 for 1 h and then sphingomyelinase C for an additional hour. The percentage of the total amount of each lipid class which was degraded by the enzymes is shown.
membranes have also been reported to have more PI (27) and greater amounts of a lipid fraction which contains both PS and PI (10) . We observed a small increase in PS but did not attempt to assess PI. Such measurements would be worthwhile, since PI metabolism has been implicated in the modulation of cytoskeleta1 associations (28) and in red cell shape change (29) .
The different patterns of phospholipid degradation and differences in susceptibility to phospholipase-induced hemolysis noted in neonatal and adult red cells appear to reflect subtle differences in the transmembrane distribution and the lateral organization (domains) of membrane phospholipids between these two types of cells. The concept that membrane lipids are organized in domains has been gaining acceptance in the last few years (23, (30) (31) (32) . The differences in the phospholipid degradation patterns between adult and neonatal red cells may arise in part from receptor-mediated endocytosis in neonatal red cells. Such differences bear some similarity to the differences between normal and primaquine-treated normal cells noted after drug-induced endocytosis (23) . Differences in lipid-protein interactions are also suggested, although not defined by these experiments. Thus in addition to a shortened life span, an exaggerated heterogeneity, increased spontaneous endocytosis, and a drastic loss in surface area resulting in increased cell rigidity, the neonatal red cell has as yet unexplained alterations in the susceptibility of the phospholipid bilayer to lipases. The nature of the relationship of these lipid changes to the life span of the neonatal red cell and to the maturation of the red cell throughout gestation remains for future analysis.
